All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Frogs achieve mega-diversity in the tropics, but this extreme species richness is under strong pressure from human disturbance, mainly via habitat loss and degradation of breeding sites \[[@pone.0165679.ref001]\]. Contemporaneously, it is becoming increasingly evident that the diversity of frogs has been severely underestimated, and that this is true in many different anuran groups. For instance, the species richness in the genus *Adenomera* Steindachner, 1867, in the subfamily *Phyzelaphryninae* Hedges, Duellman and Heinicke, 2008 and in the genus *Osteocephalus* Steindachner, 1862 increased by 116%, 100% and 37.5%, respectively \[[@pone.0165679.ref002]--[@pone.0165679.ref004]\]. Moreover, species richness in the genus *Engystomops* Jimenez de la Espada, 1872 and in the *Hypsiboas calcaratus*--*Hypsiboas fasciatus* species complex increased by at least 150% and 200%, respectively \[[@pone.0165679.ref005]--[@pone.0165679.ref006]\] (see [S1 Appendix](#pone.0165679.s001){ref-type="supplementary-material"} for cryptic diversity estimates). Finally, 11 distinct lineages of leaf-frogs of the *Rhinella margaritifera* species complex and six lineages of treefrogs of the *Scinax ruber* species complex have been identified as potentially new species \[[@pone.0165679.ref007]\].

Taxonomic studies of the genus *Scinax* Wagler, 1830 are very challenging due to the large number of morphologically similar species, especially those belonging to the same species complexes \[[@pone.0165679.ref008]--[@pone.0165679.ref010]\]. In addition to difficulties in species recognition, the high number of cryptic species \[[@pone.0165679.ref007]\] and the lack of information about the geographical range of many species, call for the introduction of non-morphological methods into research on the taxonomy of the genus. Such integrative taxonomic studies of Amazonian frogs have usually addressed morphological, molecular, bioacoustic and natural history data (e.g. \[[@pone.0165679.ref011]--[@pone.0165679.ref013], [@pone.0165679.ref006], [@pone.0165679.ref014]--[@pone.0165679.ref015]\]). The integration of different lines of evidence is a powerful tool for solving taxonomic problems (e.g. \[[@pone.0165679.ref010], [@pone.0165679.ref011], [@pone.0165679.ref013]\]) and understanding evolutionary relationships between taxa \[[@pone.0165679.ref016]\].

At present, the genus *Scinax* comprises 63 species of small and medium-sized arboreal frog (15--52 mm), and is distributed throughout the Americas from Mexico to Argentina \[[@pone.0165679.ref017]\]. Until 2014, 29 species of the *Scinax ruber* Clade (*sensu* \[[@pone.0165679.ref018]\]) were known from Amazonia (see \[[@pone.0165679.ref019]\]). However, *S*. *parkeri* (Gaige, 1929) and *S*. *trilineatus* (Hoogmoed and Gorzula, 1977) were recently synonymized with *S*. *fuscomarginatus* (Lutz, 1925), *S*. *madeirae* (Bokermann, 1964) was revalidated and *S*. *villasboasi* Brusquetti, Jansen, Barrio-Amarrós, Segalla and Haddad, 2014 was described from the eastern Brazilian Amazonia \[[@pone.0165679.ref010]\]. Therefore, 28 valid species of *Scinax* currently occur in Amazonia. Of these, seven species are placed in the *S*. *rostratus* species Group: *S*. *garbei* (Miranda-Ribeiro, 1926), *S*. *jolyi* Lescure and Marty, 2000, *S*. *kennedyi* (Pyburn, 1973), *S*. *nebulosus* (Spix, 1824), *S*. *pedromedinae* (Henle, 1991), *S*. *proboscideus* (Brongersma, 1933) and *S*. *rostratus* (Peters, 1863). Twenty-one species are not associated with any known species group (*sensu* \[[@pone.0165679.ref018]\]): *S*. *baumgardneri* (Rivero, 1961), *S*. *blairi* (Fouquette and Pyburn, 1972), *S*. *boesemani* (Goin, 1966), *S*. *chiquitanus* (De la Riva, 1990), *S*. *cruentommus* (Duellman, 1972), *S*. *danae* (Duellman, 1986), *S*. *exiguus* (Duellman, 1986), *S*. *funereus* (Cope, 1874), *S*. *fuscomarginatus*, *S*. *fuscovarius* (A. Lutz, 1925), *S*. *ictericus* Duellman and Wiens, 1993, *S*. *iquitorum* Moravec, Tuanama, Pérez and Lehr, 2009, *S*. *karenanneae* (Pyburn, 1992), *S*. *lindsayi* Pyburn, 1992, *S*. *madeirae*, *S*. *oreites* Duellman and Wiens, 1993, *S*. *ruber* (Laurenti, 1768), *S*. *sateremawe* Sturaro and Peloso, 2014, *S*. *villasboasi*, *S*. *wandae* (Pyburn and Fouquette, 1971) and *S*. *x-signatus* (Spix, 1824).

The number of currently-known species in the *S*. *ruber* Clade means it is already relatively species-rich. However, because evolutionary relationships among the species are still poorly known, addtional undescribed species may occur in this clade \[[@pone.0165679.ref007], [@pone.0165679.ref010], [@pone.0165679.ref020]--[@pone.0165679.ref021]\]. Our herpetological survey in southern Amazonia indicated that *Scinax* species richness has been underestimated, especially in poorly-sampled regions of the Purus-Madeira interfluve, and the east bank of the upper Madeira river, which are currently threatened by an extensive deforestation \[[@pone.0165679.ref022]--[@pone.0165679.ref024]\]. In this study, we investigated the species richness of *Scinax* treefrogs in the Purus-Madeira interfluve and along the eastern bank of the upper Madeira river, combining molecular, morphological and bioacoustic evidence.

Materials and Methods {#sec002}
=====================

Study area {#sec003}
----------

The study area is located south of the Amazon river in the Brazilian states of Amazonas and Rondônia, and includes the interfluve between the Purus and Madeira rivers (PMIR) and the eastern bank of the upper Madeira (EBMR; [Fig 1](#pone.0165679.g001){ref-type="fig"}). It covers an area of approximately 15.4 million hectares and contains a complex network of water bodies \[[@pone.0165679.ref024]\]. The soil is mostly characterized as plinthosols \[[@pone.0165679.ref025]\], with a predominance of silt \[[@pone.0165679.ref026]\]. The Madeira river is the main tributary of the Amazon and its basin covers approximately 1.4 million km^2^. On a regional scale, the topography of PMIR and RBMD is relatively flat, with elevation ranging from 27 to 80 m amsl. At the local scale, elevation ranges between one and three meters, promoting the occurrence of temporary ponds in lower-lying areas during the rainy season \[[@pone.0165679.ref027]\]. On a coarse scale, the northern portion of PMIR is covered by tropical lowland rainforest with emergent canopy, while open lowland rainforest with palm trees occurs in the southern portion of PMIR and EBMR (\[[@pone.0165679.ref028]\], [Fig 1A](#pone.0165679.g001){ref-type="fig"}).

![Sampling area in the Purus-Madeira interfluve and on the east bank of the upper Madeira river, Brazilian Amazonia.\
(A) Vegetation cover types. (B) Soil types. Abbreviations: BR, Brazil; M1--M18, RAPELD sampling modules; Abp, lowland ombrophilous open forest with palm trees; Dbe, lowland ombrophilous dense forest with emergent canopy; Caa, Chromic-Alumic Acrisol; Ahp, Alumic-Humic Plinthosol; Hvf, Hyperdystri-Vetic Ferralsol. The small insert in each map shows part of South America and abbreviated names of countries. The transverse gray bar represents the study area and adjacent territory.](pone.0165679.g001){#pone.0165679.g001}

Sampling design, collection effort and ethics {#sec004}
---------------------------------------------

We collected data in 18 RAPELD sampling modules \[[@pone.0165679.ref029]\] distributed across a geographical transect of approximately 1000 km transect (15 modules in the PMIR and three modules in the EBMR; [Fig 1](#pone.0165679.g001){ref-type="fig"}). Each sampling module (hereafter abbreviated as M, followed by the number of each sampling unit) contained two parallel trails of 5 km each, spaced 1 km apart. Each trail contained five plots with a standardized area of 2500 m^2^ (250 m in length and 10 m in wide), totaling 10 plots per module. To minimize environmental heterogeneity within each sampling unit, the outline of each plot followed local topographic contours \[[@pone.0165679.ref029]\].

We sampled frogs using visual search (adapted from \[[@pone.0165679.ref030]\]) and auditory searches for calling males. Plots from M1--M11 were sampled three times each during the rainy season (November--March) between 2013 and 2014, and the plots M12--M18 were sampled three times each during the rainy season (October--March) between 2011 and 2014. In addition, we collected adults and tadpoles when this were encountered on the individual trails and the areas surrounding the sampling modules. Adults and tadpoles were anesthetized and killed with a solution of 10% benzocaine. After death, adults were fixed in 10% formaldehyde solution and stored in 70% ethanol, tadpoles were fixed and stored in 5% formaldehyde solution. Specimens were deposited in the herpetological collection of Instituto Nacional de Pesquisas da Amazônia (INPA-H), Manaus, Amazonas, Brazil ([S2 Appendix](#pone.0165679.s002){ref-type="supplementary-material"}).

Specimens were collected from M12 to M18 under IBAMA/SISBIO permit number 02001.000508/ 2008--99, and from M1 to M11 under ICMBio/RAN permit number Reg. 659755 Number 13777. IBAMA and ICMBio are institutes of Ministry of Environment, Government of Brazil. These permits were subject to approval of all procedures for collecting and euthanizing frogs.

DNA extraction and sequence alignment {#sec005}
-------------------------------------

Genomic DNA was extracted from muscle tissue using the Wizard Genomic DNA Purification Kit (Promega Corporation, USA), following the manufacturer\'s protocol. We used the 16sa-L (or 16sar-L) (`CGC CTG TTT ATC AAA AAC AT`) and the 16sbr-H (`GCC GTC TGA ACT CAG ATC GCA T`) primers \[[@pone.0165679.ref031]\] to amplify ribosomal DNA fragments of the gene 16S. These fragments were amplified via polymerase chain reaction (PCR) using a mixture with a final volume of 15 μL, containing 5.7 μL of ddH2O, 1.5 μL of 25 mM MgCl~2~, 1.5 μL of 10 mM dNTPs (2.5mM in each dNTP), 1.5 μL of 10X amplification buffer (75 mM Tris HCl, 50 mM KCl, 20 mM (NH4) 2SO4), 1.5 μL of 2 μM solution of each of the two primers, 0.3 μL of Taq DNA polymerase 5 U / μL (Life Technologies, USA) and 1.5μL of DNA (about 30 ng / μL). The reaction conditions had a pre-heating step at 73°C for 60 s, 35 cycles of denaturation at 92°C for 10 s, primer annealing at 50°C for 35 s, and primer extension at 72°C for 90 s, followed by a final extension step of five minutes at 72°C. Prior to the sequencing reactions, PCR products were purified with Exonuclease I and Thermosensitive Alkaline Phosphatase following manufacturer recommendations (Thermo Fisher Scientific, USA) and followed ABI BigDye Terminator Cycle Sequencing Kit protocols (Life Technologies, USA), as indicated by the manufacturer. The forward primer was used in sequencing reactions, with an annealing temperature of 50°C. The resulting single-stranded products were solved in an ABI 3130xl automatic sequencer. Base calls were verified by viewing electropherograms in Geneious \[[@pone.0165679.ref032]\] and sequences obtained were aligned using Clustal W algorithm \[[@pone.0165679.ref033]\] implemented in BioEdit \[[@pone.0165679.ref034]\] and checked by eye.

Candidate species delimitation {#sec006}
------------------------------

The concept of candidate species adopted in this study follows the subcategories proposed by \[[@pone.0165679.ref035]\]: Unconfirmed Candidate Species (UCS) corresponds to a genetically distinct lineage, for which no morphological and/or bioacoustic data are available; Deep Conspecific Lineages (DCL) represent lineages that are genetically divergent, but species cannot be differentiated by morphological and/or bioacoustic data; Confirmed Candidate Species (CCS) corresponds to a lineage that usually shows genetic divergence and can be differentiated by morphological and/or bioacoustic data, but which is not formally described as a nominal species.

### Molecular approach {#sec007}

Unlike \[[@pone.0165679.ref035]\] and \[[@pone.0165679.ref036]\] that used genetic distance as molecular evidence in classifying genetic lineages, we opted for two automated barcoding algorithms as molecular evidence to delineate lineages of *Scinax*. When there was a discrepancy between the results from Automatic Barcoding Gap Discovery (ABGD) and Generalized Mixed Yule Coalescent (GMYC) for a set of lineages, we used the most conservative result, except in cases where morphological and/or bioacoustic evidence supported the less conservative approach.

The first algorithm used, ABGD \[[@pone.0165679.ref037]\], first estimates the genetic distance between pairs of aligned sequences from a matrix. It then statistically infers potential gaps as the minimum in the distribution of pairwise distances by dividing the sequences in a way that the distance between two sequences of different groups is greater than the distance between two sequences within a group \[[@pone.0165679.ref037]\]. The algorithm was performed via the web interface (<http://wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html>) with the following priors: Kimura-two-parameters nucleotide substitution model---K2P \[[@pone.0165679.ref038]\], ten recursive steps, gap width of 1.0 and value of intraspecific divergence of 0.003 (3%). We opted for K2P distance because this is the most used method in barcoding analysis \[[@pone.0165679.ref039]\], as it effectiveness is similar to more complex models \[[@pone.0165679.ref040]\]. The use of a 3% divergence in the 16S rRNA in ABGD analysis has been recommended as an appropriate value for interspecific divergence when classifying lineages of Neotropical and Malagasy frogs as possible candidate species \[[@pone.0165679.ref041]--[@pone.0165679.ref042]\].

The magnitude of intraspecific differences can vary among lineages of anurans \[[@pone.0165679.ref041], [@pone.0165679.ref043]\]. The sole use of distance-based DNA barcoding methods can introduce errors in species delimitation \[[@pone.0165679.ref035]\]. To minimize these potential errors in our delimitation, we used GMYC \[[@pone.0165679.ref044]\] as additional algorithm based on branching patterns: branching patterns within clades reflect genetic neutral coalescing processes occurring within species \[[@pone.0165679.ref045]\], while branching among clusters reflect the timing of speciation events \[[@pone.0165679.ref046]\]. The GMYC algorithm assesses the difference in the degree of branching between these two modes of lineages evolution, through estimation of the point of greatest probability of transition between them by using likelihood-based analysis \[[@pone.0165679.ref044]\]. We used the single-threshold approach, which estimates a single point of transition between intra and interspecific coalescence rates \[[@pone.0165679.ref044], [@pone.0165679.ref047]\]. The GMYC was implemented in the SPLITS package (available <http://r-forge.r-project.org/projects/splits>) through the platform R \[[@pone.0165679.ref048]\]. Because the GMYC uses genealogical information rather than genetic distances, the algorithm requires an ultrametric genealogical tree as input.

We estimated an ultrametric genealogical tree using 16S rRNA sequences of 55 specimens of *Scinax* from PMIR and EBMR samples. Additionally, we selected 61 sequences available in Genbank but from species not previously assigned to any species group in the *S*. *ruber* Clade ([S1 Table](#pone.0165679.s003){ref-type="supplementary-material"}). As outgroup, we used seven 16S rRNA sequences from members of *Scinax rostratus* species Group, as well as *Julianus uruguayus* and *Ololygon berthae*. Ultrametric genealogical tree was estimated with BEAST software version 1.8.2 \[[@pone.0165679.ref049]\]. The nucleotide substitution model GTR + I + G was selected via Akaike Information Criterion \[[@pone.0165679.ref050]\] through jModeltest 2.1.7 \[[@pone.0165679.ref051]\]. The priors used for obtaining the ultrametric tree were lognormal uncorrelated relaxed clock model, substitution rate of 7.35 × 10^−3^ / site / Ma \[median of ucld.mean parameter (95% HPD = 6.1--8.7 × 10^−3^)\], coalescent constant size tree and random starting tree. The substitution rate used here for the 16S rRNA was obtained from \[[@pone.0165679.ref043]\] which inferred Bayesian genealogical dates for 216 species of Hylidae, including species of the genus *Scinax*. Three individual runs of 100 million generations each were performed in BEAST and they were sampled every 10,000 steps, totaling a posterior distribution of 10,000 trees per running. The stationarity of the posterior distributions, the effective sample size (effective sample sizes---ESS; \> 200) and the convergence between runs were examined using Tracer v1.6 \[[@pone.0165679.ref052]\]. We combined the files containing trees after discarding the first 10% using LogCombiner v1.8.2 \[[@pone.0165679.ref049]\], and we built the Maximum Clade Credibility (MCC) tree using TreeAnnotator v1.8.2 \[[@pone.0165679.ref049]\].

In addition, we estimated interspecific pairwise distances K2P \[[@pone.0165679.ref038]\] between *Scinax* from PMIR and EBMR, and related species using MEGA 6.06 \[[@pone.0165679.ref053]\]. The distances are summarized in [S2 Table](#pone.0165679.s004){ref-type="supplementary-material"}.

### Morphological approach {#sec008}

We used morphological data to compare our specimens with described *Scinax* species. The following diagnostic characters, all classically used in *Scinax* taxonomy, were evaluated: head shape, snout shape, skin texture, toe webbing, adult body color, and adult iris color. Additionally, ten morphometric characters were measured with digital calipers in adult specimens, according to \[[@pone.0165679.ref054]\]: SVL (snout-vent length), HL (head length), HW (head width), ED (horizontal eye diameter), UEW (upper eyelid width) IND (internarial distance), IOD (interorbital distance), TD (horizontal tympanum diameter), TL (tibia length) and FL (foot length). The following characters were measured according to \[[@pone.0165679.ref055]\]: END (eye-nostril distance), 3FD (third finger disk diameter), 4TD (fourth toe disk diameter). Length of tarsus (TAL), hand (HAL) and thigh (THL) followed \[[@pone.0165679.ref056]\]. Webbing formulae followed \[[@pone.0165679.ref057]\] as modified by \[[@pone.0165679.ref058]\]. Color in life was described based on field observations and color photographs of live specimens. See [S3 Table](#pone.0165679.s005){ref-type="supplementary-material"} for morphometric data.

### Bioacoustic approach {#sec009}

Spectral and temporal parameters used in the diagnosis of *Scinax* species were obtained from 109 recordings of advertisement calls of different *Scinax* specimens taken in the study area. As the advertisement call of *Scinax* is characterized by one note we analyzed the following acoustic characteristics: note duration (s), number of pulses per note, pulse duration (s), pulse repetition rate (pulse/s), and fundamental frequency (Hz) of the note. The calls were analyzed through oscillograms and spectrograms (Blackman window, 80 Hz of frequency resolution and 1,024 data points of Discrete Fourier Transform-DFT) generated with Raven 1.5 software \[[@pone.0165679.ref059]\].

Bioacoustic parameters were compared with data available in the formal descriptions of the species or descriptions of advertisement calls from (or near) the type locality of each nominal species. Differences in fundamental frequency, duration of the note and pulse repetition rate are frequently used to differentiate *Scinax* species (e.g. \[[@pone.0165679.ref060]--[@pone.0165679.ref062], [@pone.0165679.ref010], [@pone.0165679.ref063]\]). Therefore, as opposed to \[[@pone.0165679.ref035]\], and following to \[[@pone.0165679.ref036]\], quantitative differences between calls were considered sufficient to set the CCS lineages. The advertisement call parameters from the candidate species are available in [S4 Table](#pone.0165679.s006){ref-type="supplementary-material"}. Advertisement call recordings were stored in the bioacoustic library of the Research Program on Biodiversity (PPBio) from Instituto Nacional de Pesquisas da Amazônia (<https://ppbio.inpa.gov.br/en/home>), Manaus, Brazil.

Results {#sec010}
=======

Candidate species delimitation {#sec011}
------------------------------

Barcoding analysis revealed the occurrence of 12 (GMYC) and 13 (ABGD) putative units of *Scinax* in the PMIR and EBMR samples ([Fig 2](#pone.0165679.g002){ref-type="fig"}). GMYC and ABGD were discordant in the definition of three sets of putative units. Unlike the GMYC, the ABGD approach delineated two distinct units under the epithet *S*. *chiquitanus* (*S*. *chiquitanus* BOL and *S*. *chiquitanus* BRA). However, the GMYC-based delimitation is supported by morphology and advertisement call (see next paragraph). In addition, GMYC delimited *S*. *ruber* specimens from the central Purus-Madeira interfluve, east bank of the Madeira river and Bolivia \[[@pone.0165679.ref036]\] as a unique putative unity, while ABGD divided them into two distinct units. Due to lack of morphological and bioacoustic evidence, we opted for the GMYC conservative delimitation. *Scinax ruber* PM from the northern Purus-Madeira interfluve was classified as a putative unit by ABGD, differing in this from GMYC, which delimited *S*. *ruber* from Peru, *S*. *ruber* A, *S*. *ruber* B, *S*. *x-signatus* and *S*. *ruber* PM as a single putative unit. We opted for the ABGD delimitation, considering that this method reconstructed the delimitation proposed by \[[@pone.0165679.ref007]\], which used nuclear and mitochondrial markers. There was concordance between GMYC and ABGD for the other putative units occurring in the study area.

![Maximum clade-credibility tree of *Scinax* from the Purus-Madeira interfluve and the east bank of the upper Madeira (Brazilian Amazonia) and correlated species.\
The 16S gene tree was recovered by Bayesian analyses in BEAST. Posterior probabilities are given near the nodes. Asterisks indicate PP \> 0.95. Vertical gray bars indicate species delimitation with the molecular approach. Horizontal gray bars indicate species delimitation with the integrative approach. Colored areas in topology represent, from top to bottom, the *S*. *rostratus* species Group (red), *S*. *ruber* Clade (green), *S*. *wandae* Clade (blue), and *S*. *fuscomarginatus* Clade (yellow). Outgroup: members of *Scinax rostratus* species Group, plus *Julianus uruguayus* and *Ololygon berthae*. Abbreviations: ABGD, Automatic Barcoding Gap Discovery; GMYC, Generalized Mixed Yule Coalescent; CCS, Confirmed Candidate Species; UCS, Unconfirmed Candidate Species; DCL, Deep Conspecific Lineage; NS, Nominal Species.](pone.0165679.g002){#pone.0165679.g002}

Morphology and/or advertisement calls were able to differentiate most of the OTUs in PMIR and EBMR. *Scinax* sp. 1 differs morphologically from *Scinax* sp. 4 (SVL, supernumerary tubercles and dorsal coloration), *Scinax* sp. 6 (SVL, relative head length, TD/ED, relative length of Toe I, shape of dentigerous processes of vomers, dorsal coloration), *S*. *wandae* A (snout shape, dorsal skin texture, dorsal coloration), *S*. *wandae* B (dorsal coloration, dorsal skin texture) and morphologically and bioacoustically from *S*. *cruentommus* (SVL, relative length of Toe I, shape of dentigerous processes of vomers, dorsal coloration; call duration, number of pulses/note, pulse repetition rate, and dominant call frequency \[[@pone.0165679.ref064]--[@pone.0165679.ref065]\]). *Scinax* sp. 2 can be distinguished morphologically and bioacoustically from *S*. *fuscomarginatus* (snout shape, dorsal coloration pattern of tibia; note duration and dominant call frequency; \[[@pone.0165679.ref010]\]) and *S*. *madeirae* (dorsal coloration pattern of tibia and infraocular; note duration and dominant call frequency); and morphologically from *S*. *villasboasi* (snout shape, relative toe length II-III, toe webbing, color pattern of dorsum and of tibia). *Scinax* sp. 3 can be distinguished from *S*. *iquitorum* by the proportion of head and foot in adult specimens, and dorsal and ventral color pattern. *Scinax* sp. 4 differs morphologically from *Scinax* sp. 6 (SVL, supernumerary tubercles, and toe webbing), *S*. *wandae* A (snout shape, dorsal skin texture, dorsal coloration), *S*. *wandae* B (dorsal coloration, dorsal skin texture) and *S*. *cruentommus* (head shape, relative length of toe III and IV, skin texture of perianal area). *Scinax* sp. 5 differs from Guiana and French Guiana specimens of *S*. *boesemani* in color pattern of dorsum and venter. *Scinax* sp. 6 differs from *S*. *wandae* A (snout shape, dorsal skin texture, dorsal coloration), *S*. *wandae B* (dorsal coloration, dorsal skin texture) and *S*. *cruentommus* (supernumerary tubercles on the finger I, outer metatarsal tubercle shape, *canthus rostralis* shape and relative length of finger discs). *Scinax* aff. *cruentommus* BRA cannot be distinguished from *S*. *cruentommus* by morphology. *Scinax ruber* F and *S*. *ruber* PM are distinguished from each other by snout shape. The morphology and advertisement call of *S*. *chiquitanus* BRA are very similar to those of *S*. *chiquitanus* BOL.

The integration of molecular, morphological and bioacoustic evidence allowed the delineation of more species of *Scinax* than there are available epithets from the PMIR and EBMR. Our integrative analysis revealed seven CCS lineages (*Scinax* sp. 1--7), two UCS (*Scinax ruber* F and *S*. *ruber* PM), one DCL (*Scinax* aff. *cruentommus* BRA) and only two nominal species (*S*. *chiquitanus* BRA and *S*. *cruentommus* BRA) ([Fig 3](#pone.0165679.g003){ref-type="fig"}). *Scinax ruber* PM (UCS), *S*. aff. *cruentommus* BRA (DCL) and the seven CCS lineages delimited in this study were unknown until the current study. *Scinax chiquitanus* and *S*. *ruber* F are recorded for the first time in Brazil. If CCS and UCS are considered as lineages that represent undescribed species, 82% of the *Scinax* species richness in the PMIR and EBMR is not described, an increase of 450% in the currently-known regional species richness. More broadly, taking into account the lineages that are not associated with any species group occurring in the Brazilian Amazonia, 30% of the overall *Scinax* species richness revealed in this study is not formally described, representing an increase of 43% in the number of *Scinax* species currently-known.

![Specimens of *Scinax* from the Purus-Madeira interfluve and east bank of the upper Madeira River, Brazilian Amazonia.\
(A) *Scinax* sp. 1, male, SVL 20.2 mm, INPA-H 34688, from M-9. (B) *Scinax* sp. 2, male, SVL 18.1 mm, INPA-H 34667, from M-11. (C) *Scinax* sp. 3, male, SVL 31.3 mm, INPA-H 34584, from M-7. (D) *Scinax* sp. 5, male, not collected, from M-8. (E) *Scinax* sp. 6, male, SVL 25.2 mm, INPA-H 35562, from M-17. (F) *Scinax* sp. 7, male, SVL 23.9 mm, INPA-H 34623, from M-8. (G) *Scinax* aff. *cruentommus* BRA, male, SVL 25.4 mm, INPA-H 34596, from M-6. (H) *Scinax ruber* PM, couple, not collected. (I) *Scinax chiquitanus* BRA, female, SVL 33.7 mm, INPA-H 35554; male, 31.1 mm, INPA-H 35555, from M-14. Photographs by R. Fraga.](pone.0165679.g003){#pone.0165679.g003}

Our 16S gene tree strongly supports three major clades where most of the OTUs from PMIR and EBMR were included. The *Scinax wandae* Clade comprises *S*. *cruentommus* BRA, *S*. aff. *cruentommus* BRA, *S*. *wandae* A, *S*. *wandae* B, *Scinax* sp. 1, *Scinax* sp. 4 and *Scinax* sp. 6. Pairwise genetic distances within the *S*. *wandae* Clade range from 2 to 14%, with the shortest distance recorded between *S*. aff. *cruentommus* BRA and. *S*. *cruentommus* BRA (2%). The *Scinax fuscomarginatus* Clade contains *S*. *fuscomarginatus*, *S*. *madeirae*, *S*. *villasboasi* and *Scinax* sp. 2. The pairwise genetic distances between *Scinax* sp. 2 and other members of this clade range from 8 to 12%. The *Scinax wandae* Clade and *S*. *fuscomarginatus* Clade are reciprocally monophyletic. *Scinax ruber* F and *S*. *ruber* PM were included within the highly supported clade containing *S*. *ruber* A--D, *S*. *ruber* Peru, and *S*. *x-signatus*. In turn, this clade is the sister of *S*. *ruber* 2 + *S*. *ruber* 3 and forms a major clade with *S*. *ruber* 1, the latter in basal position. Pairwise genetic distances among *S*. *ruber* F and *S*. *ruber* PM from other *S*. *ruber* OTUs (except *S*. *ruber* E) range from 2 to 11%. *Scinax ruber* E is placed as the sister of *S*. *fuscovarius* and so questions the monophyly of the currently recognized *S*. *ruber* OTUs. The distances between *S*. *ruber* E and other *S*. *ruber* OTUs range from 18 to 29%.

Discussion {#sec012}
==========

Barcoding methods {#sec013}
-----------------

We used the algorithms ABGD and GMYC to define *Scinax* candidate species in this study. Despite differences, in most cases, there was a convergence of both algorithms in delimitating *Scinax* candidate species from the study area. For the data set involving all putative units in the MCC tree, and using the candidate species proposed by \[[@pone.0165679.ref007], [@pone.0165679.ref066]\] as a reference (delimitated by using more than one molecular marker), ABGD showed greater accuracy in defining the candidate species when compared to GMYC, as this letter method tended to group two or more candidate species.

The incongruity between the results from ABGD and GMYC obtained in this study may be explained by the quality characteristics of the dataset quality. Although GMYC is a robust algorithm such conditions as the presence of gaps, large number of singletons and low species richness \[[@pone.0165679.ref067]\], the algorithm is sensitive to small genetic differences between species \[[@pone.0165679.ref068]\], which have been found between most of the species in the *S*. *ruber* Clade \[[@pone.0165679.ref007]\] \[this study\]. In turn, the main factor influencing the ABGD delimitation is the value of interspecific genetic divergence defined *a priori* \[[@pone.0165679.ref037]\], which requires existing knowledge of the target group. Despite the differences in the GMYC and ABGD delimitations, results highlight the importance of the use of both these barcoding algorithms as molecular evidence in integrative analyses. The use of just one algorithm in our data set would have given less accurate lineage delimitation.

Species richness and conservation {#sec014}
---------------------------------

We used for the first time integrated molecular, morphological and bioacoustic data to evaluate species richness of *Scinax* treefrogs at a regional scale in Amazonia. Like other studies that have used an integrative approach to address frog richness in this biome (*e*.*g*. \[[@pone.0165679.ref002], [@pone.0165679.ref005], [@pone.0165679.ref036], [@pone.0165679.ref069]\]), our results show that the knowledge of the species diversity of Amazonian frogs is highly inadequate. The underestimation of Amazonian species of *Scinax* (30%) is similar to the percentage of unnamed amphibian species proposed by \[[@pone.0165679.ref070]\] for the whole Neotropics (39%). However, at a regional scale (PMIR and EBMR), the proportion of unidentified *Scinax* species is more than twice as high (82%) as the estimates for the Neotropics. The increase in the known *Scinax* species richness from the PMIR and EBMR (450%) is the highest increase in Amazonian frog diversity ever reported, being greater than estimates proposed in studies involving the genera *Engystomops* (150--250% \[[@pone.0165679.ref005]\]), *Hypsiboas* (200--350% \[[@pone.0165679.ref005]\]), *Osteocephalus* (37.5%--300% \[[@pone.0165679.ref003], [@pone.0165679.ref069]\]), and *Pristimantis* (200% \[[@pone.0165679.ref071]\]). Despite the cryptic diversity \[[@pone.0165679.ref007], [@pone.0165679.ref021]\] and the complex taxonomic history of several *Scinax* species, the high proportion of undescribed species found in the region of PMIR and EBMR is mainly due to (1) integration of different lines of evidence in the species identification process, and (2) the fact that the region represents one of the most poorly-studied areas in Brazilian Amazonia \[[@pone.0165679.ref072]\]. Our results suggest that further integrative studies of anurans from poorly investigated parts of the biome may significantly contribute to an improved knowledge of the real anuran diversity of the region and improve our understanding of the overall biodiversity of the Neotropics.

Unfortunately, most of the study area is threatened by infrastructure development associated with human settlements. The PMIR is intersected by the BR-319 federal highway. Although it was partially abandoned a few years after its construction in 1973 \[[@pone.0165679.ref022]\], the presence of the highway facilitated the process of deforestation in the region, coming especially from the state of Rondônia \[[@pone.0165679.ref022]\]. Currently, the BR-319 is being repaired and resurfaced, and modeling studies have predicted the resulting deforestation of up to 5.4 million hectares by 2050, which represents approximately one-third of the total area of the interfluve \[[@pone.0165679.ref023]--[@pone.0165679.ref024]\]. In addition to the imminent threat of reconstruction of the BR-319, the construction of two large hydroelectric projects on the southern PMIR and EBMR (Porto Velho, Rondônia) also threatens the high biodiversity of the area \[[@pone.0165679.ref022]\]. This is an alarming scenario for the conservation of local *Scinax* populations, considering that only two CCS lineages (*Scinax* sp. 2 and *S*. sp. 5) and two UCS lineages (*Scinax ruber* F and *S*. *ruber* PM) are known to be tolerant of habitat disturbance. Species with small geographic ranges are usually more susceptible to anthropogenic threats than widely distributed species \[[@pone.0165679.ref073]--[@pone.0165679.ref074]\]. Despite the high sampling effort, two CCS lineages (*Scinax* sp. 1, *S*. sp. 4) that inhabit the forested habitats were found in only one locality in the PMIR. The only sampling module in which *Scinax* sp. 4 was registered is currently under heavy pressure from illegal logging (M. Ferrão, personal communication). In addition, a rapid increase of deforestation of the northern region of the BR-319 is predicted by \[[@pone.0165679.ref024]\]. Considering a combination of current anthropic disturbance and limited range, *Scinax* sp. 4 may be classified as an endangered species.

Description of new species may contribute to identification of priority areas for biodiversity conservation \[[@pone.0165679.ref075]\], which potentially results in protection and management of natural resources \[[@pone.0165679.ref076]\]. Contrarily, lack of formal description of new species has led to neglect hundreds of species when mapping priority areas for conservation (e.g. \[[@pone.0165679.ref077]\]). Since formally named species are important for habitat and biodiversity assessment, especially in such threatened landscapes as the study area, descriptions of the seven CCS disclosed here will be the subject of our future papers.

Systematic remarks {#sec015}
------------------

Contrary to \[[@pone.0165679.ref017]\], this study did not place *Julianus* Duellman, Marion and Hedges, 2016 in a sister position to the genus *Scinax*. In our 16S gene tree, *Julianus uruguayus* (Schmidt, 1944) represents a sister lineage to the *Scinax rostratus* species Group (with low support), and together with it forms a sister clade to all remaining species of *Scinax* (with low support). This arrangement may be an artifact of our use of only one locus in our analyses. On the other hand, our 16S gene tree strongly supports the *S*. *rostratus* species Group as a monophyletic unit, as previously recognized by \[[@pone.0165679.ref018], [@pone.0165679.ref078]--[@pone.0165679.ref079]\]. Additionally, most of our OTUs were placed in three major clades (*S*. *fuscomarginatus*, *S*. *ruber*, *S*. *wandae*) by our phylogenetic analyses. Strong Bayesian support for both clades may be interpreted as evidence of species grouping. Nevertheless, a more extensive sampling and an appropriate morphological and phylogenetic approach will be required to better delimitate individual species groups.

*Scinax cruentommus* has been widely reported from Peru, Brazil, Ecuador and Colombia \[[@pone.0165679.ref065]\], and from French Guiana \[[@pone.0165679.ref007], [@pone.0165679.ref042], [@pone.0165679.ref080]--[@pone.0165679.ref082]\]. In our barcoding analyses, a *Scinax* specimen from PMIR identified as *S*. *cruentommus* (*S*. *cruentommus* BRA) differs from *S*. *cruentommus* GUF (*sensu* \[[@pone.0165679.ref007], [@pone.0165679.ref042], [@pone.0165679.ref080]--[@pone.0165679.ref081]\]) with genetic distances of 31 to 32%. Unlike *S*. *cruentommus* BRA, specimens of *S*. *cruentommus* GUF do not possess a horizontal red bar in the iris (see Figure 5 in \[[@pone.0165679.ref081]\]), which \[[@pone.0165679.ref064]\] proposed as an important diagnostic character of *S*. *cruentommus*. Moreover, notable differences between advertisement call of *S*. *cruentommus* from the upper Negro river (Amazonas, Brazil) and *S*. *cruentommus* from French Guiana (*sensu* \[[@pone.0165679.ref082]\]) were reported by \[[@pone.0165679.ref065]\]. Based on this evidence, and in the proposition that widely-distributed small-sized frogs may potentially represent species complexes \[[@pone.0165679.ref002], [@pone.0165679.ref005], [@pone.0165679.ref007], [@pone.0165679.ref021], [@pone.0165679.ref043], [@pone.0165679.ref071], [@pone.0165679.ref083]\], we argue that there is likely to be more than one species associated with the name *S*. *cruentommus*, and that specimens from French Guiana called *S*. *cruentommus* represent a different, and undescribed, taxon.

*Scinax ruber* F and *S*. *ruber* PM from PMIR and EBMR placed in the *Scinax ruber* Clade, as did *S*. *ruber* 1--3 from Colombia (in basal position). Although there is no doubt about the validity of the name *S*. *ruber* \[[@pone.0165679.ref019]\], the strong variance in pairwise genetic distance between all OTUs in this clade plus *S*. *ruber* E (1% to 29%) suggests cryptic diversity \[[@pone.0165679.ref007], [@pone.0165679.ref066]\] \[this study\], as well as misidentification (perhaps for *S*. *ruber* E and *S*. *x-signatus* from French Guiana). The different *Scinax* forms which this name has been applied are distributed over a wide geographic area (Brazil, French Guiana, Surinam, Colombia, Ecuador, Peru, Bolivia) indicating the need for a thorough revision. Investigation of morphological, bioacoustic and genetic characteristics of *S*. *ruber* from its neotype locality (Paramaribo, Surinam) might be the first step in resolving this taxonomic problem. This should then be followed by a collaborative international effort to clarify the taxonomic status and the evolutionary relationships of different OTUs related to *S*. *ruber*.
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